Encapsulation of DNA
Encapsulation of dsDNA fragments (contour length 54 nm) by the cationic diblock copolymer poly(butadiene-b-N-methyl 4-vinyl pyridinium) [PBd-b-P4VPQ] has been studied with phase contrast, polarized light, and fluorescence microscopy, as well as scanning electron microscopy. Encapsulation was achieved with a single emulsion technique. For this purpose, an aqueous DNA solution is emulsified in an organic solvent (toluene) and stabilized by the amphiphilic diblock copolymer. The PBd block forms an interfacial brush, whereas the cationic P4VPQ block complexes with DNA. A subsequent change of the quality of the organic solvent results in a collapse of the PBd brush and the formation of a capsule. Inside the capsules, the DNA is compacted as shown by the appearance of birefringent textures under crossed polarizers and the increase in fluorescence intensity of labeled DNA. The capsules can also be dispersed in aqueous medium to form vesicles, provided they are stabilized with an osmotic agent (polyethylene glycol) in the external phase. It is shown that the DNA is released from the vesicles once Introduction forms a shell around the droplet, as is illustrated in Figure 1 . If the non-solvent is miscible with water, the material in the aqueous phase gets compacted because water is extracted from the droplet during the encapsulation process. The volatile organic solvent can subsequently be evaporated to form capsules in air. To produce vesicles, the capsules can then be transferred into an aqueous supporting medium. It has proven to be necessary to immerse the capsules in polyethylene glycol (PEG) solution rather than pure water, because otherwise, the membrane becomes unstable and the encapsulated material is released. The stability of the vesicles is determined by the balance of the elastic force of the membrane itself and the osmotic forces exerted by the encapsulated material and the supporting medium, respectively.
Apart from stabilizing the emulsion, the copolymer is also the building block of the polymer shell in the final stage of the preparation procedure. Accordingly, the stability and permeability of the membrane depend on the properties of the hydrophobic attachment (e.g., glass temperature, molecular weight, etc.) as well as the properties of the polyelectrolyte bilayer formed by the ionic block and the encapsulated material at the inner side of the interfacial layer. Release of the encapsulated material, which is of great importance in application studies, can be affected by two different, but related mechanisms.
The first one is an imbalance in the osmotic and elastic stretching forces acting on the membrane, whereas the second mechanism involves a change in the permeability of the membrane itself. An example of the first mechanism is the release of the encapsulated material once the osmotic pressure exerted by the supporting medium drops below a certain critical value. As an example of the second mechanism, we will see below that the permeability of the membrane can be controlled by an increase in ionic strength through screening of the electrostatic interactions in the polyelectrolyte bilayer.
The organization of this paper is as follows. First, we describe the step-wise production of the vesicles with the single emulsion technique. This process is followed with polarized light and scanning electron microscopy, as well as fluorescence microscopy of labeled DNA. Then we move on to the determination of the compaction efficiency and the DNA density profile inside the emulsion droplets, capsules in air, and vesicles in aqueous medium. The stability of the vesicles against osmotic pressure and ionic strength is investigated by controlled release experiments using fluorescence labeled DNA. We demonstrate that there are no restrictions to the molecular weight of the DNA by the encapsulation of clone vector, pUC18 plasmid (2686 base pairs). We will also show that the applicability of the method is general by the preparation of the 'charge inverse' system: cationic homopolymer encapsulated by an anionic diblock copolymer.
Experimental Section
Chemicals and Solutions. DNA was obtained by micrococcal nuclease digestion of calf thymus chromatin. 16 After precipitation in cold 2-propanol, the DNA pellet was dried under reduced pressure at room temperature. The DNA was brought to the salt free sodium form by dissolving it in a 50 mM NaCl, 24 mM EDTA buffer and extensive dialysis against water (purified by a Millipore system with conductivity less than 10 -6 Ω -1 cm -1 ). To avoid denaturation, care was taken that the DNA nucleotide concentration did not drop below 3 mM nucleotides/l. The differential molecular weight distribution was monitored by size exclusion chromatography (SEC) with light scattering detection. 17 The advantage of the isolation procedure is that it yields a large quantity of mononucleosomal DNA, but a typical batch contains approximately 25 % lower and higher molecular weight material.
Further SEC fractionation resulted in a relatively monodisperse eluent fraction with an average molecular weight M w = 104000 (158 base-pairs, contour length L = 54 nm) with polydispersity M w /M n = 1.14. The hypochromic effect at 260 nm confirmed the integrity of the double helix and the ratio of the optical absorbencies A 260 /A 280 = 1.83 indicates that the material is essentially free of protein.
content was determined by IR spectroscopy. Stock solutions were prepared by dissolving freeze dried Na-DNA in H 2 O. The DNA concentrations are 36, 18, 9, 4.5, and 2.3 g/l. The concentrations are determined by weight, using the water content in the freeze-dried material and the Na-DNA partial molar volume 165 cm 3 /mol. As fluorescence DNA probe, 4',6-diamidino-2-phenylindole dichloride (DAPI) was added to the stock solutions with a concentration 58 µg of DAPI per gram of DNA. pUC18 plasmid was isolated from
Escherichia coli bacteria, purified, and characterized as described in previous work. 19 The plasmid concentration in the stock solution is 1.4 g/l.
copolymer was purchased from Polymer Source Inc., Dorval, Canada. According to the manufacturer, the number-average molecular weights M n of the PBd and P4VPQI blocks are 120000 and 28200 g/mol, which correspond with a degree of polymerization DP = 2220
and 115, respectively. The molecular weight polydispersity M w /M n ratio of the copolymer is Polyethyleneglycol (PEG) with molecular weight 3000 g/mol was purchased from Merck. Imaging. For light microscopy, a droplet of the emulsion was deposited on a microscope slide and sealed with a cover slip. DNA capsules were deposited on a microscope slide by the procedure as described below. The capsules were either directly 
Results and Discussion
Production of the Vesicles. We will first demonstrate that our procedure can be used volume ratio 1:9, respectively, and stirred for several hours to form an emulsion. Due to the amphiphilic behavior of the copolymer, the hydrophobic polybutadiene attachment prevents the droplets from coalescence and the emulsion was observed to be stable over months. The DNA concentration inside the droplets amounts 36 g/l, which is well below the critical concentration pertaining to the transition to the cholesteric, liquid crystalline phase (100-220 g/l, depending on ionic strength). 21 With the help of polarized light microscopy, it was observed that the droplets are not birefringent and, hence, the DNA is indeed not liquidcrystalline. Fluorescence imaging with DAPI labeled DNA shows that the droplets contain DNA and that there is no significant amount of DNA present within the supporting toluene phase (see Figure 5 ).
The DNA molecules form a polyelectrolyte bilayer with the cationic block at the copolymer/water interface and contribute to the stability of the membrane. To gauge the importance of the polyelectrolyte bilayer, some experiments were done in which the toluene was evaporated from the emulsion. If the droplets do not contain DNA, i.e. if they are prepared with pure water, this process results in the formation of a copolymer film. In the presence of DNA however, the droplets remain spherical and capsules are formed (these capsules are covered by a copolymer film, results not shown). It was observed, however, that for the lowest 2.3 g/l DNA concentration the larger droplets collapse, whereas the integrity of the smaller ones is preserved. These results support the view that the electrostatic interaction between DNA and the cationic block controls the stability and permeability of the membrane. Indeed, as we will see below with fluorescence microscopy, screening of this interaction by the addition of low molecular weight salt results in the release of DNA.
In the second step of the preparation procedure, the emulsion is transferred into ethyl acetate, which is a non-solvent for polybutadiene. Figure 3d ), but in most cases the textures were quite irregular.
As shown by polarized light, scanning electron, and fluorescence microscopy in Figures 3b, 4 , and 5b, respectively, the integrity of the capsules is preserved after evaporation of the volatile ethyl acetate. In particular, there is no change in polarized light microscopy textures over an extended period in time. The textures show clear cholesteric fringes, if the dry capsules are taken up in toluene again. This observation suggests that the rigidity of the interfacial layer prevents uniform alignment of the liquid crystal. As we will see below with fluorescence microscopy, the DNA concentration inside the dry capsules is indeed in the range of the one pertaining to the macroscopic cholesteric phase. The scanning electron micrographs show that the surface of the capsules is homogeneous and that there is a broad distribution in capsule size with average and minimum diameter 16 and 3 µm, respectively. Notice that the size is determined by the emulsification procedure. As will be shown below, sub-micron size capsules (with clone vector DNA) can be prepared if the emulsion is sonicated prior to the solvent quality induced collapse of the hydrophobic attachment. At room temperature, polybutadiene is well above the glass temperature and liquid-like, which explains the tendency of the dry capsules to become stuck together once the solvent is evaporated. However, this does not affect the long-term stability of the capsules and their ability to re-disperse in aqueous medium.
In the final stage of the preparation, vesicles are produced by transferring the capsules into an aqueous medium. However, the vesicles are unstable in pure water and it is necessary to use an osmotic agent in the external phase. Figure 3d ). In the radial direction away from the center, they show a periodicity with an alternation of dark and light stripes corresponding to half the cholesteric pitch. The pitch is 2 µm, which is the same value as the one reported for the macroscopic cholesteric phase. 22, 23 The remaining vesicles do not show a periodicity in the radial direction, so there is no twist in orientation order with increasing distance away from the center (Figure 3c ).
The latter texture does not show, however, the characteristic fan-like shapes as reported for the macroscopic, high density, hexagonal phase. 22, 23 The absence of the fan-like shapes might be related to the mesoscopic dimension and the geometric frustration effect of the spherical interface. The fact that we observe two different textures in coexistence indicates that the DNA concentration is in the range of the critical boundaries pertaining to the first order phase transition from the cholesteric to the hexagonal phase (280-410 g/l, depending on ionic strength). 24 This will be confirmed below with the help of fluorescence microscopy.
Density Distribution and Compaction Factors.
In order to investigate the density distribution of the encapsulated material, we have done fluorescence microscopy with DAPI labeled DNA. Figure 5 displays the fluorescence micrographs of the emulsion droplets in toluene, dry capsules in air, and vesicles suspended in 43 wt % aqueous PEG solution. The radial dependencies of the corresponding, azimuthally averaged intensities are displayed in Figure 6 . Notice that the radial coordinate has been scaled by the maximum radius R and the intensities have been divided by the corresponding intensities measured at the center of the object. As can seen in Figure 6 , the scaled intensities collapse to a single master curve, which shows that the intensity profiles are similar for DNA confined in an emulsion droplet, a capsule in air, or a vesicle in aqueous medium. If the density is uniform, the azimuthally averaged profile of the 2D projected image of a spherical object with maximum radius R takes the form
where r is the distance away from the center and α denotes a constant which is proportional to the DNA concentration. As can be seen in Figure 6 , the radial intensities satisfy eq (1), which shows that the DNA distribution is indeed uniform. The deviations observed for r/R > 1 are related to the optical resolution of the microscope.
For each object (i.e., droplet, capsule, or vesicle in toluene, air, and aqueous medium, respectively), the radius R and the fluorescence intensity at the center ( )
determined from a fit of eq (1) to the radial fluorescence intensity profile. The results are displayed in Figure 7 , for a population in radii between, say, 2 and 15 µm. For a uniformly filled spherical object and if the DNA concentration does not depend on the size, the fluorescence intensity at the center of the 2D image is linear in the radius ( )
No systematic deviation from a linear dependence of ( ) Figure 7 is observed. In particular, for the capsules in air and vesicles in aqueous medium the fluorescence intensities show a rather strong and random scatter. This scatter is not related to uncertainty in the measurements, but to a variation in DNA concentration between capsules or vesicles of comparable size (the average concentration is size independent). As already shown by the occurrence of birefringent textures, the concentration increases and, hence, the DNA gets progressively compacted from the emulsion, through the capsules in air, to the vesicles in aqueous medium. The concentrations can be derived from the slopes α, because α is proportional to the DNA concentration and the DNA concentration inside the emulsion droplets is known. Results of the fit of eq (2) to the data in Figure 7 are collected in Table 1 . From the ratios of the slopes with respect to the one pertaining to the emulsion (compaction factors), we obtain 240±40 and 350±50 g/l for the DNA concentration inside the capsules in air and vesicles in aqueous medium, respectively.
Notice that our encapsulation procedure has resulted in a 10-fold compaction of DNA. 
(M w = 3000). 25 It is clear that the larger vesicles are less stable; they eject their encapsulated material at higher external pressure (see also Figure 8 ). In order to confine DNA inside the vesicles, the minimum osmotic pressure exerted by the supporting medium is around 10 5 N/m 2 . Notice that the latter value corresponds with the osmotic pressure of an assembly of long DNA molecules with concentration 150 g of DNA/l. 26 We have also investigated the stability of the vesicles against ionic strength. So far, we have not added any low molecular weight salt; all ions come from the DNA (sodium) and the cationic block (iodide). Finally, we show that our method is not unique for DNA, but that it can also be used to encapsulate other macromolecules. As an example, we have prepared the charge inverse system: capsules of cationic poly(ethylene imine) (PEI) encapsulated by the anionic diblock poly(styrene-b-acrylic acid) (PS-b-PA) copolymer. For this purpose, stock solutions of PEI in water and 'crew cut' PS-b-PA were mixed in volume ratio 1:9 to form an emulsion.
Subsequently, the hydrophobic PS attachment was collapsed and dry capsules were made according to the procedure as described above for the encapsulation of DNA. A typical light micrograph of these capsules is displayed in Figure 11b . Vesicles can subsequently be produced by transferring them into water, provided they are stabilized with PEG.
Conclusions
We have demonstrated that we can achieve efficient encapsulation and at least a 10-fold compaction of short fragment DNA with a cationic diblock copolymer and a single emulsion technique. In principle, there are no restrictions to the molecular weight of the DNA and there is no need for precipitation onto template particles, since the material is inserted in the emulsion droplets before the membrane has been formed. Another advantage is that the size of the vesicles can be controlled by the emulsification procedure. To illustrate these features, we also have prepared sub-micron size vesicles loaded with clone vector, pUC18 plasmid. Around 5 percent of the vesicles with short fragment DNA exhibit a cholesteric texture under crossed polarizers. The remaining fraction does not show a periodicity in light intensity in the radial direction, which suggests that the molecules are hexagonally ordered. They do not show, however, the characteristic fan-like shapes. This might be related to the mesoscopic dimension and the geometric frustration of the spherical copolymer interface. The DNA inside the vesicles is tightly packed. As derived from the concentration, the interaxial spacing between the molecules is around 3.3 nm, which is similar to that in DNA condensates and phage heads. 4, 5 The mechanism for the confinement of the DNA inside the vesicles is the elasticity of the membrane formed by the complex of the collapsed copolymer and DNA. We have We have demonstrated that the encapsulation method can also be used to encapsulate other charged (bio)polymers. As an illustrative example, we have prepared the inverse system: capsules of cationic poly(ethylene imine) encapsulated by the anionic diblock poly(styrene-b-acrylic acid) copolymer. Since the copolymer is also the building block of the membrane, its chemical composition and molecular weight control the stability and functionality of the vesicle. In particular, the stability of the self-assembled structure in various environments needs to be optimized to suit the particular application. A promising option is chemical cross-linking (polymerizing) of the collapsed polymer layer. Other promising features are the possibilities to control biodegradability and tissue-specific adaptation by the specific choice of copolymer. Table 1 . Slopes α resulting from the fit of eq (2) to the fluorescence intensities in Figure 7 for emulsion droplets in toluene, capsules in air, and vesicles in aqueous PEG solution.
Notice that the margins refer to a variation in DNA concentration between capsules or vesicles of comparable size, rather than uncertainty in the measurements. 
Figure 6
Radial distribution of the fluorescence intensity of DAPI labeled DNA inside an emulsion droplet in toluene (squares), a capsule in air (circles), and a vesicle immersed in aqueous PEG solution (43 wt %, triangles). The intensities are normalized to the intensity at the center of the 2D image of the object, whereas the radial coordinate is scaled by the radius R. The solid curve represents a fit of a uniform profile eq (1) with R = 1.5, 2.6, and 4.8 µm in toluene, air, and PEG solution, respectively.
Figure 7
Fluorescence intensity at the center of the 2D image of droplets in toluene (triangles), capsules in air (circles), and vesicles in aqueous PEG solution (0.43 wt %, squares). The solid lines represent linear fits of eq (2) with slopes collected in Table 1 .
Notice that the scattering of the data is largely due to the variation in DNA concentration inside capsules or vesicles of comparable size. 
Figure 11
Light micrographs of (a) pUC18 plasmid encapsulated by cationic PBd-b- 
